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was  established  among  the  controlling  parameters  of  beam  current,  energy  and  length 
as  well  as  ambient  pressure  and  magnetic  field,  a  dependence  of  the  BPD  on  plasma 
density  of  the  form  cop  *=  coc  was  suggested.  We  have  since  conducted  a  survey  of 
various  beam-plasma  conditions  covering  beam  currents  from  8  to  85  ma,  beam  energies 
from  0.8  to  2.0  keV  and  magnetic  fields  at  0.9  and  1.5  gauss.  This  survey  includes  full 
determinations  of  radial  profiles  of  electron  density  for  each  of  the  selected  conditions 
extending  from  a  low-density  pre-BPD  state  to  a  strong  BPD  condition.  At  BPD  thresh¬ 
old  N”laxwas  determined  and  wp  calculated  with  results  that  can  be  summarized  by 
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as  the  density  dependent  threshold  condition  for  BPD.  The  experimental  results  are 
shown  to  compare  favorably  with  a  developing  theoretical  model  that  considers  BPD  to 
be  triggered  by  electron  plasma  wave  excitation  of  a  beam-plasma  instability. 
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IGNITION  OF  THE  BEAM-PLASMA-DISCHARGE  AND  ITS 
DEPENDENCE  ON  ELECTRON  DENSITY 


I.  INTRODUCTION 

A  cold  electron  beam,  propagating  through  a  weakly 
ionized  plasma  will,  under  proper  conditions,  produce  a 
modified  beam-plasma  state  known  as  the  Beam-Plasma-Discharge 
( BPD ) .  This  discharge  state  has  received  considerable  attention 
in  recent  years  as  a  result  of  increased  interest  in  mechanisms 
for  vehicle  neutralization  during  spaceborne  accelerator 
experiments  (Bernstein,  et  al.,  1980;  Cambou,  et  al.,  1978), 
enhanced  beam-plasma  ionization  processes  (Bernstein,  et 
al.,  1978),  and  in  general  single-particle  or  collective 
phenomena  initiated  by  beam  injection  into  neutral  gas  and 
charged-particle  environments  (Hess  et  al . ,  1971;  Winckler, 
et  al.,  1975;  Hendrickson  and  Winckler  1976;  Cambou,  et  al., 

1975;  Mon son  and  Kellogg  1978a;  Szuszczewicz  1979;  Jost  et 

al.,  1980).  As  the  subject  of  a  continuing  series  of  experiments 

in  a  large  vacuum  chamber  facility  (Bernstein  et  al.,  1978) 


it  was  determined  that  the  BPi)  appears  at  a  critical  energetic- 

Q 

electron-beam  current  I  ,  following  the  relationship 

D 


(1) 


where  V  ,  B,  P  and  L  are  the  beam  energy  (voltage),  the 

D 

superimposed  magnetic  field,  the  ambient  pressure  and  the 

beam  length  (gun  ape r t ur e- t o -c o 1 lec t or  distance),  respectively. 
Manuscript  submitted  May  12,  1981. 


While  the  (V_,B,P,L)  relationship  was  established 

D  DO 

among  the  controlling  system  parameters,  a  dependence  on 
plasma  density  was  also  expected,  with  early  thoughts  (Bernstein, 
et  al.  ,  1979)  suggesting  that  co^  =  co^  satisfied  ignition 
threshold  criteria.  We  have  conducted  a  survey  of  various 
beam-plasma  conditions  from  8  to  85  ma ,  beam  energies  from 
0.8  to  2.0  keV  and  magnetic  fields  at  0.9  and  1.5  gauss. 

The  survey  included  determination  of  radial  profiles  of 
electron  density  for  each  of  the  selected  conditions  extending 
from  a  low-density,  pre-BPD  state  to  a  strong  BPD  condition. 

In  summary,  the  results  indicate  that 


co 

P 
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.3 
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co 
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is  the  density-dependent  threshold  condition  for  BPD.  The 
experimental  details  and  analysis  procedures  that  led  to 
this  result  are  presented  below  and  compared  with  the  predictions 
of  a  theoretical  model  which  assumes  that  the  BPD  is  triggered 
by  electron  plasma  wave  excitation  of  a  beam-plasma  instability. 

II.  EXPERIMENT  CONFIGURATION  AND  RESULTS 
The  experiment  was  conducted  in  a  20  m  diameter  by  30  m 
high  vacuum  chamber  facility  at  the  NASA  Johnson  Space 
Flight  Center.  The  configuration  involved  a  pair  of  pulsed- 
plasma-probes  mounted  on  a  radial  traversal  mechanism  positioned 
at  approximately  8  m  above  the  injection  point  of  the  beam. 
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Each  of  the  probes  provided  simultaneous  measurements  of 
electron  density  Ng,  temperature  Tg ,  plasma  potential  , 
and  density  fluctuation  power  spectra  6N^  (-i-P^k))  with 

capability  for  the  associated  diagnostics  under  dynamic 
plasma  conditions  and  under  environmental  conditions  that 
could  contaminate  electrode  surfaces  (Holmes  and  Szuszczewicz , 
1975,  1981;  Szuszczewicz  and  Holmes  1975,  1976).  Both  of  these 
conditions  prevailed  to  various  degrees. 

A  tungsten  cathode  gun  was  mounted  near  the  chamber 
floor  on  a  movable  cart  so  that  the  beam  could  always  be 
injected  parallel  to  the  magnetic  field  B  and  terminated  on 
the  3  x  3  m  target  suspended  about  20  m  above  the  gun  aperture. 

A  combination  of  coil  current  and  the  Earth's  magnetic  field 
established  the  B-field  at  one  of  two  levels,  0.9  and  1.5 
gauss.  The  chamber  was  also  equipped  with  a  dipole-antenna/ 
frequency-spectrum-analyzer  system  (Bernstein  et  al.,  1979)  which 
was  used  to  determine  BPD  ignition  from  its  characteristic 
plasma  wave  emissions.  The  dipole  system  was  connected  to 
a  Tektronix  spectrum  analyzer  with  a  frequency  response  from 
200  kHz  to  30  MHz.  Because  the  high-frequency  cut-off  was 
not  abrupt,  frequencies  up  to  50  MHz  could  be  detected 
readily. 

in  most  cases  the  beam  was  injected  into  a  neutral  gas 
with  no  pre-beam  plasma;  however  the  experimental  survey 
included  two  cases  in  which  the  chamber  was  filled  with  a 
pre-beam  plasma  created  by  a  Kauffman-type  argon  ion  thruster. 

In  these  cases  the  pre-beam  plasma  density  was  lower  than 
the  critical  density  at  BPD  ignition. 


The  survey  included  seven  different  conditions,  each 
identified  by  pre-selected  values  for  Vg  ,  B,  P  and  the 
existence  or  non-existence  of  a  pre-beam  plasma.  For  each 
condition  a  steady  state  value  for  Ig  was  set,  a  radial 
traversal  was  made  and  an  electron  density  profile  was 
recorded.  A  sample  profile  collected  under  pre-BPD  conditions, 
is  presented  in  Figure  1.  The  abscissa  is  time  relative  to 
the  start  of  the  radial  traversal  and  the  ordinate  is 
relative  electron  density  as  determined  by  baseline  electron- 
saturation  currents  collected  by  the  E-probe.  (The  second  probe 
in  the  two-probe  configuration  was  defined  as  the  I-probe 
because  the  associated  baseline  currents  were  collected  in 
the  ion-saturation  portion  of  the  probe's  current-voltage 
characteristic  (Holmes  and  Szuszczewicz ,  1975,  1981).)  At 
the  start  of  each  traversal  the  probe  was  at  its  outermost 
position  relative  to  the  center  of  the  chamber.  As  time 
increased  the  probe  was  moved  into  and  through  the  beam;  at 
minimum  radial  distance  from  the  chamber  center,  the  traversal 
system  was  reversed,  allowing  a  second  measurement  of  the 
density  profile  as  the  probe  moved  back  to  its  original 
outermost  position.  With  this  procedure  the  probe's  minimum 
radial  coordinate  is  identified  by  the  symmetry  point  in  the 
"double"  profile. 

Absolute  electron  densities  were  determined  by  standard 
3 

P  analysis  procedures  summarized  graphically  in  Figure  2. 

The  technique  provides  a  determination  of  relative  electron 
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Fig.  1  —  Radial  profile  of  relative  electron  density  under  pre-BPD  conditions.  Run  #57,  (IB,  Vg,  B) 
=  (7  ma,  1.3  keV,  0.9G).  The  figure  shows  two  cuts  through  the  beam-plasma  profile,  as  time 
increases  from  left-to-right  the  plasma  density  probe  moves  into  and  through  the  beam  center,  then 
reverses  and  passes  through  the  beam  a  second  time.  The  summetry  verifies  that  beam-plasma 
conditions  were  stable  during  the  execution  of  the  radial  traversal. 
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density  through  the  direct  measurement  of  baseline  electron- 
saturation-currents  at  a  sample  rate  of  1  kHz.  Simultaneously, 
the  technique  generates  a  "conventional"  Langmuir  probe 
characteristic.  The  relative  density  fluctuations  (as 
indicated  by  the  variations  in  the  baseline  current)  are 
then  unfolded  from  the  raw,  uncorrected  probe  characteristic 
(Fig.  2A)  yielding  a  smooth,  corrected  curve  (Fig.  2B) 
to  which  conventional  analysis  procedures  (Chen,  1965; 
Szuszczewicz  and  Holmes,  1977)  are  applied.  This  procedure 
was  utilized  for  all  beam-plasma  conditions  included  in  this 
investigation. 

Relative  electron  density  profile  information  and 
associated  plasma  wave  signatures  are  presented  in  Figure  3 
for  ( V  , B )  =  (1.3  keV,  0.9G).  The  transition  from  pre-, 

D 

threshold-  to  solid-BPD  can  be  seen  as  a  function  of  beam 
current  (I_).  The  conditions  at  threshold  and  under  BPD  are 

D 

summarized  in  Table  1  where  the  peak  density  N™aX  associated 

plasma  frequency  0)™aX,  and  plasma-to-cyclotron  frequency 
m  ^  x 

ratio  (D  / oo  are  also  listed.  The  results  can  be  summarized 
P  c 

by 


v  <5-8  uc 

as  the  density-dependent  threshold  condition  for  the  BPD. 

III.  DISCUSSION  OF  RESULTS 


The  experimentally  derived  threshold  condition  is 
reasonably  consistent  with  the  suggestion  that  BPD  is  triggered 


7 


RELATIVE  Nq  RELATIVE  Np  RELATIVE 


by  the  onset  of  a  beam  plasma  instability  excited  by  electron 
plasma  waves  (Rowland  et  al .  ,  1981;  Papadopoulos ,  private 
communication,  1981).  Qualitatively  the  threshold  process 
can  be  described  as  follows: 

(i)  As  an  electron  beam  linearly  interacts  with  a 
neutral  gas,  it  co 1 1 i s i ona  1 1  y  produces  a  plasma  with  a 
density  that  varies  directly  with  the  magnitude  of  the  beam 
current  for  a  fixed  beam  energy. 

(ii)  As  the  beam  current  is  increased  further,  a  two- 
stream  instability  develops  in  which  the  electric  fields  of 
the  excited  waves  "heat"  the  electrons  to  energies  comparable 
to  the  ionization  energy  of  the  neutral  species.  The 
"heated"  electrons  create  an  enhanced  ionization  process 
whicn  results  in  an  avalanche  breakdown  during  the  BPD . 

Detailed  theoretical  considerations  (Rowland  et  al., 
1981)  involving  finite  beam-plasma  geometries  suggest  that 
the  threshold  for  BPD  ignition  corresponds  to  the  onset  of 
convective  instability.  Quantitatively  that  threshold  takes 
the  form 

'i>  -  1.4  v,  /r  \/ln(R/r)  '  (3) 

p  b  o 

where  rQ  and  v^  are  the  beam  radius  and  velocity,  and  R  is 

the  radius  of  the  plasma  with  which  the  beam  interacts. 

For  the  experimental  conditions,  r  is  taken  to  be  controlled 

o 

by  the  gun  half -divergence  angle  0,  the  beam  velocity  vfe  and 
the  superimposed  magnetic  field.  We  therefore  write 
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(4) 


r  =  (v.  Sin  0)/u)  , 

o  b  c 

allowing  the  theoretically  predicted  threshold  condition  to 
be  rewritten  as 

Wp  >  1.4  (1.2) 

a)  S in  8 

c 

where  1.2  =  l/\ln  (R/r  )  has  been  selected  as  the  experimental 
average.  Equation  (5)  suggests  that  the  threshold 

condition  is  a  constant,  independent  of  B  itself,  and  controlled 
only  by  the  beam  cross  section  through  the  half-divergence 
angle  0.  Qualitatively  this  is  in  agreement  with  the  experimental 
results.  For  a  quantitative  comparison,  we  estimate  0  in 
the  range,  5°  -  8  -  10  ,  yielding 

9.6  -  0)  /to  -  19.3  (6) 

p  c 

as  the  spread  in  values  theoretically  predicted  for  BPD 

ignition.  This  result,  while  sensitive  to  the  uncertainties 

in  0  and  R/r  (e.g.,  electrostatic  forces  and  beam  spreading 
o 

have  not  been  included),  is  taken  to  be  in  reasonably  good 

agreement  with  the  experimentally  derived  conditions  (2). 

Inclusion  of  beam  spreading  would  effectively  increase  0 

(Linson  and  Papadopoulos ,  1981)  and  improve  the  agreement, 

providing  ever  stronger  arguments  which  deny  the  original 

notion  that  w  =  gj  described  BPD  threshold 
P  c 
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0 ; C s  AT  rN  NE.AL  3R0WN  (UNCL  ONLY) 
OiCY  ATTN  TECHNICAL  LIBRARY 
01 CY  ATTN  T.  HALL [NAN 

ILLINOIS,  UNIVERSITY  OF 
AT  TN:  DAN  .MCCLELLAN  FOR  K.C.  YEH 
150  DAVENPORT  HOUSE 
CHAMPAIGN,  IL  61820 

INST  I T  TS  FOR  DEFENSE  ANALYSES 
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ARLINGTON,  VA  22202 

01C  Y  ATTN  J.  M.  AE  IN 
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O’.CY  ATTN  HANS  WOLFHARD 
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JOHNS  HOPKINS  LN I  VERS  I TY 
APPLIED  PHYSICS  LABORATORY 
JOHNS  HOPKINS  ROAD 
LAUREL,  M3  20810 

01CY  ATTN  DOCUMENT  LIBRARIAN 
01CY  ATTN  THOMAS  POTEMRA 
01CY  ATTN  JOHN  DASSOULAS 

LOCKHEED  MISSILES  S  SPACE  CO  INC 
P.  O.  BOX  504 
SUNNYVALE,  CA  94088 

OICY  ATTN  DEPT  60-12 
OICY  ATTN  D.  R.  CHURCHILL 

LOCKHEED  MISSILES  AND  SPACE  CO  INC 
3251  HANOVER  STREET 
PALO  ALTO,  CA  94304 

OICY  ATTN  MARTIN  WALT  DEPT  52-10 
OICY  ATTN  RICHARD  G.  JOHNSON  DEPT  52-12 
OICY  ATTN  W.  L.  IMHOF  DEPT  52-12 
OICY  ATTN  D.  CAUFMAN 

KAMAN  SCIENCES  CORP 
P.  0.  BOX  7463 
COLORADO  SPRINGS,  CO  80933 
OICY  ATTN  T.  MEAGHER 

LINKABIT  CORP 
10453  ROSELLE 
SAN  DIEGO,  CA  92121 

OICY  ATTN  IRWIN  JACOBS 
OICY  ATTN  i.  ROTHMUELLER 

LOWELL  RSCH  FOUNDATION,  UNIVERSITY  OF 
450  AIKEN  STREET 
LOWELL,  MA  01854 

OILY  ATTN  K.  BIBL 
OICY  ATTN  B.  RE  IN  I SCH 

MARTIN  MARIETTA  CORP 
ORLANDO  DIVISION 
P.  0.  BOX  5837 
ORLANDO,  FL  32805 

OICY  ATTN  R.  HEFFNER 

MCDONNELL  DOUGLAS  CORPORATION 
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HUNT  INGTON  BEACH,  CA  92647 
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MISSION  RESEARCH  CORPORATION 
735  STATE  STREET 


SANTA  BARBARA,  CA  93101 

OICY 

ATTN 

P.  FISCHER 

OICY 

ATTN 

W.  F.  CREVIER 

OICY 

At  TN 

STEVEN  L.  GUTSCHE 

OICY 

AT  TN 

D.  SAPPENF IELD 

OICY 

ATTN 

R.  BOGUSCH 

OICY 

ATTN 

R.  HENDRICK 

OICY 

ATTN 

RALPH  KILB 

OICY 

ATTN 

DAVE  SOWLE 

OICY 

ATTN 

F.  FAJEN 

OICY 

ATTN 

M.  SCHEIBE 

OICY 

ATTN 

CONRAD  L.  LONGMIRE 

OICY 

ATTN 

WARREN  A.  SCHLUETER 

MITRE  CORPORATION,  THE 
P.  0.  BOX  208 
BEDFORD,  MA  01730 

OICY  ATTN  JOHN  MORGANSTERN 
01CT  ATTN  G.  HARDING 
OICY  ATTN  C.  E.  CALLAHAN 

MITRE  CORP 

WESTGATE  RESEARCH  PARK 
1820  DOLLY  MADISON  BLVD 
MCLEAN,  VA  22101 

OICY  ATTN  W.  HALL 
OICY  ATTN  W.  FOSTER 

PACIFIC -SIERRA  RESEARCH  CORP 
1456  CLOVERFIELO  BLVD. 

SANTA  MONICA,  CA  90404 

OICY  ATTN  E.  C.  FIELD  JR 

PENNSYLVANIA  STATE  UNIVERSITY 
IONOSPHERE  RESEARCH  LAB 
318  ELECTRICAL  ENGINEERING  EAST 
UNU'RSITY  PARK,  PA  16802 

(NO  CLASSIFIED  TO  THIS  ADDRESS) 

OICY  ATTN  IONOSPHERIC  RESEARCH  LAB 

PHOTOMETRICS,  INC. 

442  MARRETT  ROAD 
LEXINGTON,  MA  02173 

OICY  ATTN  IRVING  L.  KOFSKY 

PHYSICAL  DYNAMICS  INC. 

P.  O.  BOX  5027 
BELLEVUE,  WA  98009 

OICY  ATTN  E.  J.  EREMOUW 


PHYSICAL  DYNAMICS  INC. 

P.  O.  BOX  1069 
BERKELEY,  CA  94701 

ATTN:  A.  THOMPSON 

ROD  ASSOCIATES 

P.  0.  BOX  9695 

MARINA  DEL  REY,  CA  90291 

OICY  ATTN  FORREST  GILMORE 
OICY  ATTN  BRYAN  GABBARD 
OICY  ATTN  WILLIAM  B.  WRIGHT  JR 
OICY  ATTN  WILLIAM  J.  KARZAS 
OICY  ATTN  ROBERT  F.  LELEVlER 
OICY  AT  IN  H.  ORY 
OICY  ATTN  C.  MACDONALD 
OICY  ATTN  R.  TURCO 

RAND  CORPORATION,  THE 
1700  MAIN  STREET 
SANTA  MONICA,  CA  9040b 

OICY  ATTN  CULLEN  CRAIN 
OICY  ATTN  ED  BEDR021  AN 

RIVERSIDE  RESEARCH  INSTITUTE 
80  WEST  END  AVENUE 
SEW  YORK,  NY  10023 

OICY  ATTN  VINCE  TRAPANI 

SCIENCE  APPLICATIONS,  INC. 

P.  0.  BOX  2351 
LA  JOLLA,  CA  92038 

OICY  ATTN  LEWIS  M.  L1NSON 
OICY  ATTN  DANIEL  A.  HAMLIN 
OICY  ATTN  D.  SACHS 
OICY  ATTN  E.  A.  STRAKER 
OICY  ATTN  CURTIS  A.  SMITH 
OICY  ATTN  JACK  MCDOUGALL 

RAYTHEON  CO. 

528  BOSTON  POST  ROAD 
SUDBURY,  MA  01/76 

OICY  ATTN  BARBARA  ADAMS 

SCIENCE  APPLICATIONS,  INC. 
HUNTSVILLE  DIVISION 
2109  W.  CLINTON  AVENUE 
SUITE  700 

HUNTSVILLE,  AL  35805 

OICY  ATTN  DALE  H.  DAVIS 

SCIENCE  APPLICATIONS,  INC. 

80  MISSION  DRIVE 
PLEAS  ANTON,  CA  94566 
OICY  ATTN  SI 
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SRI  INTERNATIONAL 
333  RAVENS WOOD  AVENUE 
MENLO  PARK,  CA  94025 

01CY  ATTN  DONALD.  NEILSON 
01CY  ATTN  ALAN  BURNS 
01CY  ATTN  G.  SMITH 
01CY  ATTN  L.  L.  COBB 
01CY  ATTN  DAVID  A.  JOHNSON 
01CY  ATTN  WALTER  G.  CHESNUT 
01CY  ATTN  CHARLES  L.  RINO 
01CY  ATTN  WALTER  JAYE 
01CY  ATTN  M.  BARON 
01CY  ATTN  R.  LIVINGSTON 
01CY  ATTN  RAY  L.  LEADABRAND 
01CY  ATTN  G.  CARPENTER 
01CY  ATTN  G.  PRICE 
01CY  ATTN  J.  PETERSON 
01CY  ATTN  R.  HAKE,  JR. 

01CY  ATTN  V.  GONZALES 
01CY  ATTN  D.  MCDANIEL 
01CY  ATTN  R.  TSUNODA 

TECHNOLOGY  INTERNATIONAL  CORP 
75  WIGGINS  AVENUE 
BEDFORD,  MA  01730 

01CY  ATTN  W.  P.  BOQUIST 

UNIVERSITY  OF  TOKYO 
ISAS 

KOMABA,  MEGURO-KU 
TOKYO,  JAPAN 

01CY  ATTN  DR.  K.I.  OYAMA 

MAX-PLANCK- INST  1  TUT 
FUR  PHYSIK  UND  ASTROPHYSIK 
INSTITUT  FUR  EXTRATERRESTR ICHE  PHYSIK 
8046  GARCHING  B.  MUNCHEN,  GERMANY 

0 ICY  ATTN  PROF.  GERHARD  HAERENDEL 

TRW  DEFENSE  $  SPACE  SYS  GROUP 

ONE  SPACE  PARK 

REDONDO  BEACH,  CA  90278 

01CY  ATTN  R.  K.  PLE6UCH 
01CY  ATTN  S.  ALTSCHULER 
01CY  ATTN  D.  DEE 
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CAPT  DONALD  M.  LEVINE 

NAVAL  RESEARCH  LABORATORY 
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DR.  J.M.  FORBES 
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DEVELOPMENT  CENTER 
BALLISTIC  RESEARCH  LABORATORY 
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WASHINGTON,  D.C.  20360 

DR.  T.  CZUBA 

HARVARD  UNIVERSITY 
HARVARD  SQUARE 
CAMBRIDGE,  MASS.  02138 

DR.  M.  B.  MCELROY 
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DR.  J.  S.  NIS8ET 
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DR.  L.  A.  CARPENTER 
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DR.  F.  V.  CORONITI 
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BERKELEY,  CALIFORNIA  94720 
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UTAH  STATE  UNIVERSITY 
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DR.  P.  M.  BANKS 
DR.  R.  HARRIS 
DR.  V.  PETERSON 
DR.  R.  MEG  ILL 
DR.  K.  BAKER 
OR.  R.  WILLIAMSON 
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CORNELL  UNIVERSITY 
ITHACA,  NEW  YORK  14850 

OR.  W.  E.  SWARTZ 
DR.  R.  SUDAN 
DR.  D.  FARLEY 
DR.  M.  KELLEY 

NASA 

GODDARD  SPACE  FLIGHT  CENTER 
GREENBELT,  MD  20771 

DR.  S.J.  BAUER/CODE  600 
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DR.  R.  GOLDBERG /CODE  912 

DR.  S.  CHANDRA 

DR.  K.  MAEDA 

DR.  R.F.  BENSON/CODE  621 

PRINCETON  UNIVERSITY 
PLASMA  PHYSICS  LABORATORY 
PRINCETON,  NEW  JERSEY  08540 

DR.  F.  PERKINS 
OR.  E.  FRIEMAN 

INSTITUTE  FOR  DEFENSE  ANALYSIS 
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DR.  E.  BAUER 

UNIVERSITY  OF  MARYLAND 
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DR.  E.  OTT 

UNIVERSITY  OF  PITTSBURGH 
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DR.  N.  ZABUSKY 
DR.  M.  BIONDI 


UNIVERSITY  OF  CALIFORNIA 

LOS  ALAMOS  SCIENTIFIC  LABORATORY 
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M.  PONGRATZ 
D.  SIMONS 
G.  BARASCH 
L.  DUNCAN 
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